Superplasticity of a fine-grained Mg–9Gd–4Y–0.4Zr alloy evaluated using shear punch testing  by Alizadeh, Reza et al.
j m a t e r r e s t e c h n o l . 2 0 1 4;3(3):228–232
Available online at www.sciencedirect.com
www. jmrt .com.br
Original Article
Superplasticity  of  a  ﬁne-grained  Mg–9Gd–4Y–0.4Zr
alloy evaluated  using  shear punch  testing
Reza Alizadeha, Reza Mahmudia,∗, Terence G. Langdonb,c
a School of Metallurgical and Materials Engineering, University of Tehran, Tehran, Iran
b Materials Research Group, Faculty of Engineering and the Environment, University of Southampton, Southampton, United Kingdom
c Departments of Aerospace & Mechanical Engineering and Materials Science, University of Southern California, Los Angeles, United
States
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 24 December 2013
Accepted  30 April 2014
Available  online 25 June 2014
Keywords:
Mg–Gd–Y–Zr alloy
Superplasticity
a  b  s  t  r  a  c  t
The superplasticity of an extruded ﬁne-grained Mg–9Gd–4Y–0.4Zr alloy was investigated by
measuring the strain rate sensitivity using shear punch testing (SPT). Shear punch tests were
conducted at shear strain rates in the range of 3 × 10−3–2 × 10−1 s−1 and at temperatures in
the  range of 573–773 K. The results indicate the strain rate sensitivity, m, increases from
about  0.11 at 573 K to about 0.40 at 723 K and then decreases to 0.32 with a further increase
in  test temperature. A strain rate sensitivity of 0.40 and an activation energy of 140 kJ/mol
are  indicative of a superplastic deformation behavior dominated by grain boundary sliding
accommodated  by lattice diffusion at temperatures above 673 K.Strain  rate sensitivity
Shear  punch
©  2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. 
a  full description of which is given elsewhere [9], the sam-
Este é um artigo Open Access sob a licença de CC BY-NC-ND1.  Introduction
Superplastic forming, which relies primarily on the small size
of the grains, has been applied to shape magnesium alloys
into  complex geometries [1]. Nevertheless, Mg alloys gener-
ally  suffer from poor room temperature formability because of
the  limited slip systems in their hexagonal close-packed (hcp)
structure  [2]. Furthermore, high deformation temperatures
are  generally unsuitable because of the unstable microstruc-
ture  of ﬁne grains, which is signiﬁcantly affected by grain
growth.  In practice, different alloying elements have been
added  to Mg  alloys to improve their thermal stability. For
example,  it was  reported that the addition of gadolinium
(Gd) and other rare earth elements remarkably improves the
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Este é uhigh temperature mechanical properties of magnesium alloys
due  to solution and precipitation hardening [3]. An excellent
resistance to grain growth up to 573 K was  reported for an
Mg–10Gd  alloy processed by high pressure torsion (HPT) [4]
and  in another investigation superplasticity was reported in
an extruded Mg–Gd–Y–Zr alloy when testing at 723 K [5].
While most of the reports on superplasticity have used
conventional tensile testing, the possibility of using more
localized  tests such as indentation [6], impression [7] and
shear  punch testing (SPT) [8] have been reported in cases
where  the material is only available in small amounts. In SPT,ple  is clamped between two die halves and a ﬂat cylindrical
punch is driven through it. The fundamental mechanical prop-
erties,  such as the shear yield stress (SYS), the ultimate shear
tion. Published by Elsevier Editora Ltda. 
m artigo Open Access sob a licença de CC BY-NC-ND
o l . 2 0 1 4;3(3):228–232  229
s
o
o
M
s
2
T
G
h
a
e
1
t
t
a
r
m
s
o
g
T
e
y
w
d
w
o
5
i
c
a
c
r
f

w
t
p
m
3
F
c
e
o
m
a
d
s
h
Fig. 1 – (a) Optical micrograph and (b) grain size distribution
shear  strength (USS) and fracture. Also, the curves show that
the  strength of the material increases with increasing strain
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trength (USS) and the strain rate sensitivity (SRS), are readily
btained  from the SPT data. Accordingly, it was  the objective
f  this research to examine the superplasticity of an extruded
g–Gd–Y–Zr  alloy by measuring the values of the strain rate
ensitivity  using SPT.
.  Experimental  material  and  procedures
he experiments were conducted using an Mg–9 wt.%
d–4  wt.% Y–0.4 wt.% Zr alloy. The material was  prepared from
igh  purity Mg  and Mg–30Gd, Mg–30Y and Mg–30Zr master
lloys, which were  melted in an electric furnace under a cov-
ring  ﬂux. Extrusion was  carried out with an extrusion ratio of
9:1  at 673 K. One millimeter thick slices were then cut from
he  extruded bars perpendicular to the extrusion direction and
hese  slices were  ground to a thickness of about 0.7 mm.  Using
 Leitz optical microscope, the structures of the materials were
evealed  and the grain sizes and grain size distributions were
easured.  At least 1000 grains were considered and the grain
ize  distributions and weighted average grain diameters were
btained  using the Clemex professional image  analysis pro-
ram  according to the ASTM E112 standard.
Shear punch tests were  performed on 0.7 mm thick sample.
he  shear strain rates (y˙)  were calculated using the following
quation:
˙  = 1
2
Z˙
W
(1)
here Z˙  is the punch–displacement rate and W is the
ie–punch clearance. The shear behavior of the material
as  investigated at different strain rates in the range
f  3 × 10−3–2 × 10−1 s−1 and temperatures in the range of
73–773 K using a screw-driven MTS  machine. The testing
nvolved a shear punch ﬁxture with a 3.175 mm diameter ﬂat
ylindrical  punch and 3.225 mm diameter receiving-hole. After
pplication of the load, the load P was  measured automati-
ally  as a function of the punch displacement. The data was
ecorded  by computer in order to determine the shear stress
rom  the relationship
 = P
dt
(2)
here t is the specimen thickness and d is the average of
he  punch and die hole diameters. The SPT curves were then
lotted  as shear stress against the normalized punch displace-
ent.
.  Results  and  discussion
ig. 1a shows the microstructure of the alloy in the as-extruded
ondition. It is apparent that the microstructure consists of
quiaxed  grains, implying that dynamic recrystallization has
ccurred during the hot extrusion process. In ﬁne-grained
aterials, a uniform grain size distribution is important in
chieving  homogeneous mechanical properties. The grain size
istribution data, collected from a number of samples, are
hown  in Fig. 1b. It is clear that a near-normal distribution
as been achieved with an average grain size of about 6.5 m.of  the tested alloy.
This grain size is slightly smaller than the 10 m reported by
Zhang  et al. [5] who used lower extrusion ratios.
The SPT curves of the material at 723 K, obtained at differ-
ent  shear strain rates in the range of 3.3 × 10−3–1.3 × 10−1 s−1,
are  shown in Fig. 2. It can be seen that the curves consist of an
elastic  linear part, yielding, a work hardening region, ultimateNormalized displacement
Fig. 2 – SPT curves of the material at different shear strain
rates  obtained at 723 K.
230  j m a t e r r e s t e c h n o l . 2 0 1 4;3(3):228–232
γT/G (K/MPa s)
τ m
/G
573, 0.11
623, 0.22
673, 0.33
723, 0.40
773, 0.32
T (K), m
10−2
10−1
10−3
10−210−4 10 −3
10−1
10−4
10−5
•
Fig. 3 – Normalized USS of the material as a function of
temperature-compensated shear strain rate at: (a) different
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It is clear from this equation that the activation energy of
superplastic  materials, where the inverse grain size exponent
is  not zero and is usually considered as p = 2 [11], consists fromtest  temperatures, and (b) 723 K.
rate, indicative of a positive strain rate sensitivity index of the
material.
The  high-temperature tensile ﬂow stress () of materials
can  be related to the tensile strain rate (ε˙) by a power–law
relationship [10]:
(
ε˙T
G
)
=
(
Ab
k
)  (
b
d
)p( 
G
)1/m
exp
(−Q
RT
)
(3)
where A is a material parameter, b is the Burgers vector, k
is  the Boltzmann constant, d is the grain size, p is the inverse
grain  size exponent, G is the shear modulus, m denotes the SRS
index, Q is the deformation activation energy, R is the universal
gas  constant and T is the absolute temperature. This equation
can  be simply modiﬁed for evaluating superplastic behavior in
the SPT method by replacing ε˙ with ˙ and  with . This may
be  performed using the Von-Mises yield criterion for a state of
pure  shear of kinematically hardening materials, which gives
  = √3 and ε = (1/√3). Therefore, a modiﬁed form of Eq. (3)
can  be rewritten as:
(
˙T
G
)
=
(
A′b
k
)  (
b
d
)p( 
G
)1/m
exp
(−Q
RT
)
(4)
where A′ is a material constant. Due to the constancy of Q at
a  given temperature, it is possible to determine the SRS index
(m)  from the relationship:
m =
(
∂ ln(/G)
∂ ln( ˙T/G)
)
T
(5)
Fig. 3 shows the variations of normalized USS with the temper-
ature  compensated shear strain rate on a double logarithmic
scale.  The USS and shear strain rate values are normalized to
the shear modulus to eliminate the changes in shear modulus
with  temperature. According to Eq. (5), the slope of the curves
gives  the corresponding SRS index, m. It is apparent that the
dependency  of USS on strain rate is linear at 573 K with an m
value  of 0.11. However, the dependency becomes sigmoidal in
shape with three distinct regions at higher temperatures. The
m  values were  measured for the middle region, which shows
the  maximum slope. The results obtained indicate that theFig. 4 – The variation of m value with test temperature.
m value increases with increasing temperature from 0.22 at
623 K to 0.40 at 723 K and then decreases to 0.32 with a further
increase  in temperature. To obtain a better representation of
data,  the variation of m with test temperature was  plotted in
Fig.  4. It is now clear that the maximum strain rate sensitivity
is  achieved at 723 K.
The observed decrease in m value at 773 K can be related
to  grain growth at this temperature, as shown in Fig. 5. The
average  grain size after testing at this temperature is about
46  m,  which is signiﬁcantly greater than the initial grain size
of  the extruded material. Although the m values are different,
the  observed trend in the variation of m with test temperature
is  the same as in the tensile test results obtained by Zhang
et  al. [5]. The difference may  arise from different extrusion
conditions and thus the initial microstructure and grain size
of  the samples.
According to Eq. (4), the deformation activation energy can
be  calculated at constant temperature–compensated shear
strain  rate as:
Q = R
[
1
m
∂ ln(/G)
∂(1/T)
+ p∂ ln(b/d)
∂(1/T)
]
˙T/G
= Q1 + Q2 (6)Fig. 5 – Optical microstructure of the alloy tested at 773 K.
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Fig. 6 – Temperature dependence of: (a) normalized m
values at constant temperature-compensated shear strain
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alloy.  Scr Mater 2011;64:521–4.ates,  and (b) inverse grain size values.
wo separate components; Q1 and Q2, which correspond to
he  activation energies resulting from the variations of stress
nd  grains size with temperature, respectively. Accordingly, in
rder to calculate the activation energy according to Eq. (6), the
ormalized  USS and (b/d) values are plotted against the recip-
ocal  of temperature at constant temperature–compensated
hear strain rates on a semi-logarithmic scale in Fig. 6. Calcu-
ations  were  made for region II of the sigmoidal curves in the
emperature  range of 673–773 K, in which the material shows
uperplastic ﬂow. The average Q1 and Q2 values were  found to
e  140 ± 5 and 143 ± 5 kJ/mol, respectively. Thus, it should be
oted  that Q1 and Q2 make different contributions to the over-
ll  activation energy of superplastic materials. Speciﬁcally, Q1
s related to the extent of the variations of strength of the
aterial  with temperature and thus the deformation mech-
nism.  On the other hand, Q2 reﬂects the severity of grain
rowth  and thus is it related to the grain growth kinetics of
he  material at high temperatures, this will be discussed in
ore  detail in future work.
To  investigate the deformation mechanism of the material
n  the superplastic region, it is necessary to consider both the
ctivation  energy and the strain rate sensitivity. It is antici-
ated  that the m value of about 0.50 is associated with grain
oundary  sliding (GBS) controlled by either lattice or grain0 1 4;3(3):228–232  231
boundary diffusion [11]. Since the activation energy of defor-
mation  (Q1 = 140 ± 5 kJ/mol) is close to the magnesium lattice
diffusion  value of 135 kJ/mol [12], it can be concluded that GBS
accommodated by lattice diffusion is the dominant deforma-
tion  mechanism of the material in the superplastic region.
This  conclusion seems reasonable considering the ﬁne grain
microstructure of the material and the sigmoidal dependency
of  SRS on the shear strain rate.
4.  Summary  and  conclusions
1. The strain rate sensitivity of the extruded
Mg–9Gd–4Y–0.4Zr alloy was  investigated in the tem-
perature range of 573–773 K by SPT.
2. The m value increased from about 0.11 at 573 K to about 0.40
at  723 K and then decreased to 0.32 with a further increase
in  test temperature.
3.  According to the measured activation energy and m values,
lattice  diffusion accommodated GBS can be considered as
the  dominant deformation mechanism of the material in
the  superplastic region.
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